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Highlights  
 Lactose crystallisation from its supersaturated solution was affected by the addition of 
CO2 and N2 gases 
 Effect of CO2 was more pronounced than the N2 on the lactose crystal size and yield 
 Low power ultrasound enhanced the effect of gas during crystallisation of lactose 
 
Abstract 
The effect of gas (CO2 and N2) addition in supersaturated lactose solution on yield, size, 
shape, densities and flow behaviour indices of crystallised lactose was examined. Gas was 
introduced through a sintered porous metal tube at 0, 10 and 30 mL min-1 flow rates in a 
custom-built double jacketed glass crystalliser at 20oC. Low power ultrasound (US; 205 kHz) 
was applied (0, 2 or 120 min) through a metal transducer flanged beneath the crystalliser after 
gassing. The whole solution was mechanically agitated at 200 rpm for 120 min at 15oC. 
Recovered and dried lactose crystals were then analysed. Addition of gas alone or in 
combination with sonication enhanced the lactose yield due to acceleration of crystal 
nucleation and reduction of crystal size. The results showed that higher amounts of gas 
decreased lactose crystal size and due to the differences in solubility of gases, the effect on 
particle size, d(0.5), was more pronounced with CO2 (~92 µm) than N2 (~170 µm) as 
compared to without gas (~178 µm). In general, the particle densities were unaffected by gas 
addition and similar flow behaviour indices among crystals were noted regardless of 
treatments.  
Keywords: Crystallisation, Gas bubble, Lactose, Low Power Ultrasound, Crystal size 
1 Introduction 
Lactose is the major ingredient found in dairy whey with production estimated to be 
approaching 200 million tons per year globally with 2% annual growth rate (Božanić et al., 
2014). About 70% of whey is converted to different food and pharmaceutical products which 
are typically in crystalline powder form. Lactose has been widely used by the food industry to 
produce infant formula, baby foods, reconstituted dairy products, condensed milk, 
confectionary products, baking products and sweeteners. In the pharmaceutical industry, 
lactose can be used as a dry powder aerosol, filler and excipient (Gajendragadkar and Gogate, 
2016; Raghavan et al., 2001). Depending on the application, specific particle size and shape 
of lactose crystals can be required. For example, small needle shaped lactose crystals are 
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desirable for use as a carrier in dry powdered aerosol while pyramid shaped crystals are more 
suitable for seeding in the production process of sweetened condensed milk (Parimaladevi 
and Srinivasan, 2014; Zeng et al., 2000). Thus, understanding and control of lactose size and 
morphology during crystallisation is very useful for the food and pharmaceutical industries.  
Lactose crystallisation is a complex process requiring diffusion of lactose molecules from the 
liquid to the surface of a crystal. In the first step, nucleation is initiated due to change in 
Gibbs energy that can be created by various driving forces such as degree of supersaturation, 
pH level, presence of impurities and mechanical agitation (Herrington, 1934; Shi et al., 1990; 
Wong et al., 2011; Wong and Hartel, 2014). These crystallisation conditions have been 
known to markedly influence the rate of nucleation, shape and size of the crystals, affecting 
their final use in products (Butler, 1998; Parimaladevi and Srinivasan, 2014; Raghavan et al., 
2001, Roos, 2009). In the second step, the resultant nuclei grow. It has been reported that 
supersaturation impacts the growth rate and shape of lactose crystals (Gänzle et al., 2008). 
Lactose crystallisation from whey is a time-consuming process in which the long induction 
period for nucleation leads to uneven size and large crystal size distribution (Pisponen et al., 
2014; Raghavan et al., 2000). Many attempts have been made to devise a quick nucleation 
method in order to obtain the desired lactose crystal size. Previous studies have demonstrated 
that seeding, use of anti-solvent, agitation, sonocrystallisation and combined high power 
ultrasound (US) and carbonation (Kougoulos et al., 2010; Parimaladevi and Srinivasan, 2014; 
Patel and Murthy, 2009; Zeng et al., 2000; Zamanipoor and Mancera, 2014; Zisu et al., 2014; 
Dincer and Zisu, 2016; MacFhionnghaile et al., 2017; Xun et al., 2017) can modify 
nucleation kinetics, thereby lactose crystal size, shape and yield are enhanced.  
In recent years, externally added gas bubbles have been found to be a promising technique in 
the modification of crystallisation behaviour of non-dairy compounds (Ceyhan et al., 2014; 
Hu et al., 2013; Kleetz et al., 2016; Nalajala and Moholkar, 2011; Wohlgemuth et al., 2009; 
Wohlgemuth et al., 2010; Xu et al., 2016). A previous study performed on batch cooling of 
dodecanedioic acid in propyl acetate demonstrated that the presence of air bubbles resulted in 
narrower crystal size distribution because air substituted cavitation bubbles created from 
ultrasound (Wohlgemuth et al., 2009). The authors proposed that air bubbles in the system 
could act as foreign particles and these bubbles provide external surfaces responsible for 
heterogeneous nucleation. In another study, Wohlgemuth et al. (2010) stated that a gassing 
technique is as applicable as US for inducing nucleation and narrowing the crystal size 
distribution of adipic acid in acetonitrile. The mean crystal size of potassium salt obtained 
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from argon gas added sonocrystallisation system was found to be smaller than that of 
produced only from a mechanically agitated system (Nalajala and Moholkar, 2011). The 
addition of gas also influenced the rate of nucleation and induction time in sodium and 
potassium salts crystallisation (Ceyhan et al., 2014). Investigation on crystallisation of 
succinic acid-water system showed that gassing in combination with a controlled cooling 
profile induced enlarged crystals and reduced crystallisation time. Addition of gases was 
assumed to induce nucleation but at lower supersaturation the amount of gas did not 
significantly influence the nucleation of succinic acid (Kleetz et al., 2016). 
In water, gassed-water when treated with US required much less supercooling for ice 
nucleation than the non-gassed water owing to formation of gas cavities and induction of 
homogenous ice nucleation (Yu et al., 2012).  Similarly, addition of air improved the 
effectiveness of ultrasound treatment on the initiation of nucleation of water and sucrose 
solution (Hu et al., 2013). It was found that infusion of carbon dioxide in combination with 
low frequency ultrasound (20 kHz) treatment shortened freezing time and caused smaller ice 
crystal size distribution in frozen gelatin gel samples, enhancing physical properties and 
quality of the product (Xu et al., 2016). Xun et al. (2017) reported that dissolution of carbon 
dioxide in supersaturated lactose solution can be employed as an additional means to 
influence crystal morphology and size distribution of lactose.  
Use of the ultrasound for crystallisation has been widely reported and in many cases, high 
power ultrasound (20 kHz) has been found detrimental to the quality of food products due to 
the formation of free radicals (Ashokkumar et al., 2010; Riesz and Kondo, 1992; Ruecroft et 
al., 2005). Thus, minimising this detrimental effect is of significance in the context of food 
industry. It can be said that unlike expanding and collapsing cavitation bubbles created from 
ultrasound, added gas bubbles are only expanding in nature. There is no change in localised 
temperature and pressure in the later system that will not alter product characteristics. From 
these studies, it is likely that gassing of supersaturated solution could be an alternative 
approach for controlling the crystallisation of lactose. 
This study aimed to examine effect of addition of gases (CO2 and N2) at different flow rates 
on crystallisation behaviour of supersaturated lactose solution and corresponding yield and 
densities of the resultant lactose crystals. CO2 is 50-70 folds more soluble in water than N2 
(Carroll et al., 1991; Jakobsen and Risbo, 2009). The Ostwald solubility coefficients for CO2 
and N2 is reported to be 0.813 and 0.016 at 25°C and 1 atm, respectively (Gevantman, 2000). 
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Due to the differences in gas solubility, they may have different effects on lactose 
crystallisation. In this study, application of low power ultrasound or agitation will provide the 
mechanical effect to release the dissolved gas into nano- to micro-size bubbles. This will 
influence nuclei formation processes, affecting the size distribution of the crystals. Although 
our research group has already studied lactose crystallisation with combined carbonation 
using dry ice in a hermetic vessel and 20 kHz ultrasound (Xun et al. 2017), this work used 
completely different treatment systems i.e. low power US (205 kHz) and gas sparging. 
Gassing with relatively poor soluble N2 gas permits comparison against highly soluble CO2 
gas, elucidating the role of dissolved gas in crystallisation behaviour of lactose. 
2 Materials and methods 
2.1 Materials 
Alpha-lactose monohydrate (α-LM) powder was purchased from Sigma-Aldrich Company 
(St. Louis, MO, USA). Moisture content of the α-LM powder is 5%. Absolute ethanol was of 
analytical grade and supplied by University of Queensland, Brisbane, Australia.  
2.2 Experimental apparatus 
A custom-built double jacketed glass crystalliser (1.2 L) was used in this study. The whole 
setup is schematically presented in Figure 1. The inner cylindrical vessel is 120 mm in height 
with a base diameter of 100 mm. The top glass lid consists of three small openings (6-8 mm 
in diameter) designated for temperature measurement, sampling point and gassing unit. The 
temperature of experimental solution was monitored using a digital thermometer with 
accuracy of 0.1oC. Apart from these ports, a 10-mm wide opening was located in the centre 
of lid where a four-pitched blade stirrer (32 mm in diameter) was connected with an overhead 
electric motor (IKA Laboretechnik, Germany, 60-2000 rpm). An ultrasound transducer (205 
kHz, UCE-UT-20030PZT-4, UCE Ultrasonic, PR China) with 120 mm diameter was flanged 
at the bottom of glass crystalliser. The gassing device was a metal sinter (20 mm in diameter) 
which was connected to CO2 and N2 gas supplies via a glass tube. The flow rate was adjusted 
using a variable area flowmeter (Dwyer Instruments, USA, 0-50 mL min-1).  
2.3 Experimental procedure 
Figure 2 illustrates time-temperature regimes of preparation of lactose solution (A, B-C), 
cooling (C-D), gassing (D-E), sonication (E-F/G) and agitation (E-G) as detailed below.  
Preparation of supersaturated lactose solution. In the first step (A, B-C), lactose solution 
(50% w/w) was prepared by dissolving 200 g of lactose powder in 180 g of distilled water. 
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The solution was kept at 90±5oC for 30 min in a laboratory water bath to ensure complete 
melting of lactose powder. When the clear solution was obtained, it was filtered through a 
filter paper (Whatman no. 1) attached to a pre-heated vacuum Buchner flask to remove any 
impurities present in the solution. The heated and filtered solution was then subjected for 
crystallisation study with similar cooling profile (Figure 3).  
Cooling of solution. In the second step (C-D), the double jacketed glass crystalliser was 
circulated with chilled water at 15±1oC. The filtered solution was then transferred to the pre-
chilled crystalliser through the sampling port and allowed to be cooled to 20°C at the cooling 
rate of 3.2oC min-1.  
Addition of gas. In the third step (D-E), addition of gas (CO2 or N2) was undertaken when the 
solution reached to 20oC, the gas valve was opened and the gas was introduced through the 
sintered porous metal diffuser (Figure 1) at controlled flow rates of 0, 10 and 30 mL min-1 for 
10 min.  
Ultrasound treatment. The ultrasound treatment (E-F/G) was applied immediately after 
gassing. Sonication was done with 205 kHz transducer for 2 min (E-F) to 120 min (E-G) at 
15oC. The design of the sonicating unit, e.g. flanged from the bottom of double jacketed glass 
chamber, can be regarded as a non-contact transduction allowing sound waves propagate 
through the metal surface of transducer towards crystallising medium. The input power of the 
US device was 30 W. Because of the energy conversion and losses, the actual ultrasonic 
power dissipated into the medium was lower than the nominal output power. The actual 
ultrasound intensity employed was measured by the calorimetric method as per Xu et al., 
(2016) by recording the rise in temperature against the time using a thermometer with the 
following equation  
𝑝 = 𝑚𝐶𝑝
𝑑𝑇
𝑑𝑡
 
 where, 
P denotes the actual power dissipated (W),  
m is the mass of the water used (kg),  
𝐶𝑝 is the specific heat of water (J kg
-1oC-1) and  
𝑑𝑇
𝑑𝑡
 is the rate of change in temperature with time (oC s-1).  
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Then the ultrasonic intensity (Wcm-2) was determined by dividing the power dissipated by 
the cross sectional area of the bottom of the vessel. The calculated ultrasound intensity was 
0.045 Wcm-2. This low power ultrasound at 205 kHz frequency will not cause the cavitation 
and is supposed to provide only the mechanical effect to generate the gas bubbles from the 
dissolved gas in the solution (Leong et al., 2011; Povey, 2017).  
Mechanical agitation. Immediately after gassing, agitation at 200 rpm was also applied in 
parallel with ultrasound treatment for 120 min at 15±1oC (E-G).  
Crystal recovery. After 120 min of agitation at 15±1oC, the crystals obtained were harvested 
through vacuum filtration with Whatman no. 1 filter paper attached to a vacuum Buchner 
flask. The obtained crystals were washed with the absolute ethanol to remove residual mother 
liquor. Harvested crystals were then left in a fume hood at room temperature overnight 
followed by drying in a vacuum oven at 70±5oC for 3 h. The dried crystals allowed to be 
cooled to room temperature in a closed silica gel desiccator. After cooling, the experimental 
lactose crystals were kept in sterile tight screw cap containers prior to analysis.  
In total, there were 15 treatments for three levels of flow rates (0, 10 and 30 mL min-1), three 
sonication durations (0, 2 and 120 min) and two types of gases (CO2 and N2) added. All 
treatments were duplicated.  
2.4 Analyses 
2.4.1 Yield 
A basic approach in calculating yield is to know the amount recovered. But, this approach 
does not account for the soluble lactose (17.84g/100g water) that remains in solution after 
120 min at 15±1oC. Thus, efficiency of crystallisation process can be correlated with 
theoretical yield from 50% solution (82.16g/100 g water) (Wong and Hartel, 2014). Hence, 
amount of lactose recovered was calculated as the ratio of yielded lactose to the theoretical 
yield considering 5% water of crystallisation on the α-LM molecule. 
Yield = [(0.95×mass of lactose recovered)/maximum theoretical yield] 
2.4.2 Crystal size distribution 
Crystal size distribution was examined with a laser diffractometer, Mastersizer Hydro 
2000MU Ver. 2.00 (Malvern Instruments, Malvern, UK) using the absolute ethanol 
(refractive index, 1.36) as a dispersant. The level of obscuration for each measurement was 
kept around 10%. Mean particle size values reported and volume–weighted diameters D(4,3) 
were an average of three individual measurements. As lactose crystals are discrete and 
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irregular particles, the comparison in size is difficult with single size parameter (Mimouni et 
al.,  2005). Raghavan et al. (2000) suggested that particle size data of lactose crystals 
obtained from the particle size analyser are distinctly higher than the actual size. Therefore, 
this study also presented other particle size parameters such as d(0.5) and d(0.9), which are 
50% and 90% of the particle number distribution is below the reported data, respectively. 
This facilitates more precise interpretation of the particle size of crystals.  
2.4.3 Particle densities and flow properties 
Particle densities. True density, loose bulk density and packed bulk density were measured 
for each batch of recovered lactose crystals. Loose bulk density was determined by filling the 
recovered crystals in a 25 mL measuring cylinder followed by measuring weight and volume 
of the powder. Packed bulk density was calculated with weight and volume after manually 
tapping the cylinder for 30 times (Xun et al., 2017). A multi-pycnometer (True Density 
Analyser MVP-6DC; Quantachrome Instruments, USA) was used to determine the true 
density of recovered crystals. The sample was held in a small cell up to reference pressure P1 
and pressure P2 after expanding gas into sample holder. Volume of sample was obtained from 
formula Vs = Vc-Vr(P1/P2) where Vs is volume of sample; Vc is volume of sample holder, Vr 
is reference volume, P1 is pressure after pressurizing reference volume and P2 is pressure 
reading after expanding gas into the sample holder. The density was calculated as (W2-
W1)/Vs where W1 is weight of empty cell and W2 is a total weight of cell and crystals.  
Flow properties. Hausner ratio (HR) and Carr’s index (CI) were calculated using following 
formula (Emery et al., 2009; Kaialy et al., 2011).   
HR = (Packed bulk density/Loose bulk density) 
CI = [(Packed bulk density- Loose bulk density)/Packed bulk density] ×100  
2.4.4 Statistical analysis 
Comparison of means using one way analysis of variance along with Fisher pairwise 
comparison of means at 95% level of confidence level and main effect plots for different 
particle size means were conducted with MINITAB Release 17 software (Minitab Co., USA).  
3 Results and Discussion 
 
The effect of gas addition on -LM crystallisation was investigated in relation with different 
amounts of gas, reflected by the resultant physical properties and yield of the experimental 
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lactose crystals. All treatments were done in the same experimental setup as represented in 
Figure 1 and subjected to the same time-temperature regime for crystallisation (Figure 2) 
with the similar cooling profile (Figure 3).  
This study deals with only 50% w/w concentration of lactose solution, thus the relative 
supersaturation (6.2) as per Visser (1982) was identical in all the treatments. At this high 
supersaturation level primary homogeneous nucleation is expected to occur due to increased 
level of mass transfer and more possibilities of collision of lactose molecules (Butler, 1998). 
Preliminary work was done to examine induction of nucleation in the -LM solution using a 
microscopic technique. An aliquot (10 µL) of the -LM solution was pipetted on the pre-
warmed microscopic slide and allowed to cool from 90 to 15C at the same cooling rate 
3.2Cmin-1 using the temperature controlled Peltier stage attached to the microscope and 
regulated by a PE-95 Linkpad temperature controller (Linkam Scientific Instruments, UK). 
There was no evidence of nucleation of the -LM when observing under the microscope. 
Furthermore, during the experimental work the -LM solution during cooling from 90 to 
15C remained clear without visible turbidity.  It should be noted that rapid cooling rate was 
applied to the hot filtered -LM solution. Hence, these conditions can hinder nucleation. 
Another possible explanation is that there might be tiny nuclei which could not be visible 
under the microscope or to the naked eye at this stage. Given that the identical 
supersaturation and the same cooling rate were used in this study, no other potential 
influencing factor was present during the experimental work, hence the results for crystal 
properties can be assumed due to the sole effect of dissolved gas. 
Primary nucleation prevails only at the initial stage of crystallisation and has the highest 
energy barrier and thus only occurs in the labile zone (Visser, 1982; Dincer and Zisu, 2016). 
Hence, introduction of gases in the experimental supersaturated lactose system can be 
regarded as foreign surface which provide additional sites for nucleation. This foreign surface 
introduced can provide the energy for nucleation. Therefore the significant number of nuclei 
is expected due to decrease in interfacial energy and mutual attraction between nuclei.  
The main hypothesis is that micro- to nano-sized gas bubbles created from dissolved gas by 
means of physical forces viz low power ultrasound (205 kHz) will provide more nucleating 
sites and increase nucleation of lactose crystals. Agitation was applied in all experiments to 
enhance secondary nucleation and facilitate mass transfer in the system. As noticed from 
preliminary work, the agitation was also helpful in creating more gas bubbles from the 
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dissolved gas. The residence time of bubbles in the solution, on the other hand, created by 
means of low power high intensity ultrasound, was longer in the preliminary work. The 
ultrasound was able to disperse created gas bubbles and prevent coalescence of bubbles. 
These highly stable and tiny bubbles can act as an external surface forming nuclei. 
Ultrasound also helps in micro-mixing hence supersaturation level will remain uniform and 
continuous crystal growth can be observed. According to Wohlgemuth et al., (2009) gas 
bubbles created by means of mechanical forces in the crystallising medium are only 
expanding in nature, hence, they do not affect the crystal characteristics in the same way as 
the expanding and collapsing cavitation bubbles. So, gassing on supersaturated lactose 
solution can be taken as another process enhancing approach in lactose nucleation and 
crystallisation. 
 
3.1 Yield 
Regardless of treatment, identical yield will be obtained when all crystallisations had been 
allowed to go to equilibrium, i.e. after about 48 h. In this study, the experiment was stopped 
after 120 min of treatment when more nuclei being generated in order to examine the effect 
on lactose crystal nucleation and growth, reflected by the crystal recovery. In another words, 
if higher yield was obtained after 120 min of treatment, this would imply an occurrence of 
higher rate of crystal nucleation and growth in the treated lactose solution. As all experiments 
were carried with same level of supersaturation (50% w/w) and heating/cooling regime 
(Figure 3), same physical attributes can be expected with resultant lactose in all cases. Hence, 
the change in yield or any other physical attributes can be directly correlated with change of 
gas type and flow rate. The impact of treatments on the yield is presented in Figure 4.  
Effect of gas addition. The yield of control (no gas, 0 min US) was 14.70.2%. Addition of 
gases into the lactose solution at 10 mL min-1 did not impact (P < 0.05) on the lactose yield, 
(CO2: 14.71.5% and N2: 15.60.9%). When the amount of gas addition increased to 30 mL 
min-1, the yield significantly increased to 21.81.2% in carbonated lactose. A slight increase 
was observed in the N2 dissolved lactose with 17.40.5% yield. The higher yield obtained 
from carbonated lactose might be due to greater solubility of CO2 in the system, resulting in 
higher availability of CO2 bubbles in the supersaturated solution that can serve as nucleating 
surfaces.  
Effect of low power US. There was a remarkable increase in lactose yield when sonication 
was applied at 205 kHz. The lactose yield increased from 14.70.2% (control) to 31.92.5% 
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and 40.81.6% after sonicating for 2 min and 120 min, respectively (Figure 4). The actual 
ultrasound intensity employed in this work was measured by the calorimetric method as per 
Xu et al. (2016) by recording the rise in temperature against time using a thermometer and 
calculated actual ultrasound intensity for the device was 0.045 Wcm-2. This result obtained at 
low power US is in line with previous studies reporting the increase in lactose recovery in 
sonicated lactose at 20 kHz (Bund and Pandit, 2007; Dhumal et al., 2008; Patel and Murthy, 
2009). Most studies have focussed high power ultrasound as emerging tool to increase yield 
during lactose crystallisation (Mason et al., 1996; Zamanipoor and Mancera, 2014; Dincer 
and Zisu, 2016). As expected, the use of ultrasound can produce a mechanical effect on the 
system and appears to be responsible for enhancing heat and mass transfer in the system 
which can facilitate nucleation. 
Effect of combined gassing and low power US. When gases and US were combined, a 
cumulative effect was observed with significant increase in lactose yield. Addition of gases 
followed by sonication for 2 min resulted in higher lactose yield than that of control lactose 
(Figure 4). For example, lactose treated at 30 mL min-1 gassing and 2 min sonication had 
significantly higher yield (CO2: 41.20.9%; N2: 34.91.2%) than that of treated with either 
gassing (CO2: 21.81.2%) or sonication (31.92.5%). The significant increase in lactose 
yield also corresponds to the visual observation of milkiness during the experiment (Figure 
5). Possible explanation is that creation of micron- to nano-sized gas bubbles upon low power 
US induces nucleation during crystallisation process whereas the addition of gas from porous 
metal sinter also might have helped to agitate the system. These effects not only enhance 
better mass transfer but also build higher local zones of supersaturation, leading to formation 
of more crystals in the system. This was evidenced by the presence of higher amount of 
crystals in the vicinity of the diffuser. However, there was no significant difference in lactose 
yield with 120 min US and gas flow rates indicating that the extended duration of US 
treatment from the flanged transducer beneath crystalliser did not impact on the lactose yield 
with gas flow rate. This could be related to degassing effect of longer period (120 min) US as 
gas tends to escape from the system.  
In this study, induction time of nucleation could not be measured during experiment due to a 
rapid occurrence of nuclei induction and crystal growth when US was applied. The rapid 
change in turbidity was observed within a minute starting of ultrasound propagation and was 
also visually significant during crystallisation process (Figure 5). In the preliminary work on 
pure water, the sonication was able to produce very fine gas bubbles from dissolved gas 
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which were stable in the system (results not shown). Hence, the higher yield in sonicated 
lactose samples seemed to be associated with the effect of those bubbles, spontaneously 
inducing nucleation and subsequent growth of crystals.  
3.2 Crystal size distribution 
The influences of gas (CO2 and N2) flow rate and ultrasound treatment on the crystal size and 
crystal size distribution of lactose are presented in Table 1 and Figure 6, respectively. Figure 
7 depicts the main effects of gassing, flow rates and low power US on particle size reduction 
of lactose crystals. In general, CO2 gassing had more pronounced effect on particle size 
reduction than N2 gassing. The higher the flow rates, the smaller the particle size of lactose 
crystals. Similar trend of particle size reduction was noticed with increasing duration of 
sonication at 205 kHz (Figure 7).  
Effect of gas addition. The particle size, D[4,3], of the control lactose crystals with no 
treatment was 191 µm (span 1.9) (Table 1). This result is comparable to the particle size 
(214-222 µm, span 1.8) obtained in a previous study (Xun et al., 2017) where supersaturated 
solution was agitated for 3 h at 23oC. An increase in carbonation levels in supersaturated 
lactose solution resulted in significant reduction of lactose crystals size (P<0.05), which were 
160 and 113 µm at flow rates of 10 and 30 mL min-1, respectively. The d(0.5) values of 
carbonated α-LM at 30 mL min-1 flow rate (without US) had a significantly smaller crystal 
size (~92 µm, span 2.0) compared to that of non-treated sample (~178 µm, span 1.9; no gas 
and US). Regarding N2 gas, the particle size of lactose crystals tended to be smaller with 10 
mL min-1 gassing (178 µm). However, there was no significant difference in particle size 
between non-gassed and gassed lactose crystals (P>0.05). These results demonstrate that only 
dissolved gas had an impact on reduction of particle size. Since CO2 can highly dissolve in 
the aqueous solution, the mechanical effects of agitation can produce very fine bubbles and 
these bubbles can be associated with increased number of nuclei and corresponding reduction 
of solute depositing on that nucleus. Thus, smaller lactose crystals are created.  
Effect of low power US. There was a significant reduction in particle size when low power 
US was applied to the supersaturated lactose solution (P<0.05). The D[4,3] particle size 
values of 120 min sonicated sample tended to be smaller (~121 µm) than those of having 
shorter sonication time (2 min; 158 µm) (Table 1). The effect of sonication on particle size 
reduction has been attributed to generation of local supersaturation accelerating mass transfer 
and enhancing the driving force that results in rapid and spontaneous nucleation and crystal 
growth. The smaller size crystals could be due to rapid crystallisation owing to spontaneous 
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nucleation (Patel and Murthy, 2009). This reduction in crystal size distribution with US is in 
accordance with the previous reports (Kougoulos et al., 2010; Dhumal et al., 2008; Zeng et 
al., 2000).  
Effect of combined gassing and low power US. With the equal time of US (2 min) treatment 
the amount of added CO2 caused a significant effect on reduction of all particle size 
parameters investigated, D[4,3]: 123 µm, d(0.5): 112 µm and d(0.9): 230 µm,  compared to 
those of non-carbonated sonicated samples (158, 147 and 311 µm, respectively). This effect 
was diminished when N2 gassing was used. The particle size of N2-gassing lactose crystals 
remained the same with increasing N2 flow rates upon sonication for 2 min (154 – 160 µm). 
When sonication time extended to 120 min, there was no significant difference in crystal 
sizes with increasing gas flow rates of either of gases (Table 1). There was also no significant 
difference in crystal sizes between 2 min-sonicated sample having 30 mL min-1 CO2 and 120 
min-sonicated samples with gases at 0-30 mL min-1 levels (P > 0.05) for both gases. This 
implies that longer sonication duration was not useful in further reducing the crystal size and 
effect of gases was dominating the crystallisation phenomenon.   
Taken together, it is apparent that the dissolved gas had a remarkable influence on reduction 
of particle size regardless of accompanied sonication treatment. It is interesting to note that 
carbonation only for 30 mL min-1 produced a similar particle size reduction (113 µm) in 
comparison with low power US only (121 µm). These indicate that gas bubbles play a key 
role in inducing nucleation of lactose crystals. Particularly crystal size was sensitive to CO2 
as it is more soluble in water compared to N2. Smaller crystal size with increasing CO2 flow 
rate can be related to formation of numerous nuclei in the form of micro to nano gas bubbles 
produced by the mechanical effect applied.  These bubbles were sufficient to accelerate 
nucleation, leading to formation of smaller and uniform crystals. As a consequence, there is a 
growth in number of nuclei and corresponding decrease in amount of solute depositing on 
each nucleus. Hence, smaller particles are created (Ruecroft et al., 2005; Zisu et al., 2014). 
The more pronounced effect on the reduction of particle size by CO2 than N2 might also be 
linked to lowering of surface tension of crystallising liquid by the dissolved gas. It was 
pointed out that the more soluble the gas the more it reduces surface tension and the higher 
the nucleation rate (Povey, 2017). This reduction of crystal size could also be attributed as 
synergistic effect of ultrasound and gas bubble. Such effect was also perceived in recent 
works for adipic acid (Wohlgemuth et al., 2010), water and sucrose (Hu et al., 2013) and 
succinic acid (Kleetz et al., 2016). Longer sonication duration (120 min) was not significant 
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in reducing the crystal size parameters and the effect of gases was dominating the 
crystallisation phenomenon. This might be due to insufficient nucleation centres. As the gas 
was introduced prior to the ultrasound treatment, it tends to escape from the supersaturated 
solution forming larger bubbles. It was visually observed during crystallisation that gas tends 
to escape from the supersaturated solution forming larger bubbles for some time even after 
stopping the ultrasound application.  
The crystal size distribution of all recovered lactose crystals was characterised by bimodal 
distribution comprising a small peak at smaller range (Figure 6). This infers the occurrence of 
small population of tiny crystals. Such tiny crystals were also observed under an optical 
microscope. Those tiny crystals can cluster into bigger aggregates and ultimately show a wide 
crystal size distribution (Raghavan et al., 2000). In the previous work by Xun et al. (2017) 
where 50% w/w supersaturated lactose solution was carbonated and sonicated for 1 min, tiny 
crystals, agglomerates and a corresponding wide crystal size distribution were also reported. 
In this work, the crystal size distribution of recovered lactose was found to shift towards 
smaller crystal size by the addition of higher amount of CO2 gas than the N2 gas on 
crystallising solution. This shift of crystal size distribution towards small size range is well 
noticed in Figure 6 (a, b, d and e). This result is due to effect of faster secondary nucleation 
by tiny gas bubbles created by virtue of ultrasound. Hence it can be deduced that there is a 
synergistic effect of ultrasound and gas bubble during crystallisation. The crystal size 
distribution curve did not show any significant shift while ultrasound treatment was used for 
whole 120 min period of crystallisation (Figure 6: c and f). This suggests that a prolonged 
period ultrasound is ineffective in reducing crystal size. 
Shape of the experimental lactose crystals was observed using an optical at 4×, 10× and 40× 
magnifications. The images observed with the microscope revealed higher amount of tiny 
crystals with increasing flow rate of gas (result not shown). The occurrence of small and tiny 
crystals corresponds well with crystal size measurements obtained by the particle size 
analyser (Table 1). Large crystals were visualised in the control sample (no gas: 0 min US). A 
variety of lactose crystals shapes such as triangular, prismatic and pyramidal shapes were 
(results not shown) obtained after gassing the supersaturated lactose solution and appeared to 
be similar across all treatments. It is likely that the morphology of the crystals was unaffected 
by the use of either nitrogen or carbon dioxide. 
3.3 Densities and flow behaviour indices 
 
AC
CE
PT
ED
 M
AN
US
CR
IPT
15 
 
The values obtained for densities (true density, loose bulk density and packed bulk density) 
and flow behaviour indices (Hausner ratio and Carr’s index) for crystallised and recovered 
lactose with or without gas and ultrasound treatments are presented in Table 2. These indices 
can indicate further use of lactose crystals in other systems. The packing of lactose crystals is 
known to affect the control and ease of production of final product during pharmaceutical 
product development. As the crystals with a higher proportion of fines will have more inter-
particulate contact points and thus a higher density. Densities can also be linked with crystals 
shape and size distribution. Furthermore the presence of aggregates and irregular surfaces can 
decrease densities. Such indirect attributes can be utilised by the dairy industries as added 
assessments of lactose powder before using in other products.  
Effect of gas addition. The true density as obtained from the gas pycnometer for all the 
lactose crystals was in the range of 1.52-1.55 g mL-1. These values are similar to the values 
obtained by previous authors (Wade and Weller, 1994; Kaialy et al., 2011; Xun et al., 2017; 
Zeng et al., 2000). Increasing gas flow rate during crystallisation resulted in a slight reduction 
in the loose and packed bulk densities of the recovered lactose crystals. The change was more 
pronounced with CO2 than the N2. The reduction of loose and packed bulk densities could be 
due to formation of small cohesive particles and shapes of lactose tending to aggregates. 
Further, this reduction of bulk densities can be linked with flow behaviour indices. The 
values for Hausner ratio (HR) was found between 1.22 to 1.31 and Carr’s index (CI) ranged 
from 18 to 24 regardless of treatments. Previous authors (Emery et al., 2009; Kaialy et al., 
2011) have reported similar values for CI and HR for recrystallised lactose. These ratios are 
also affected by roundness of the particle and as non-roundness increases such indices 
particularly HR. The values found for these indices in this work indicated that crystallised 
lactose crystals as a relatively cohesive powder.  
Effect of low power US. Irrespective of sonication time, the true densities were found in the 
range of 1.52-1.55 g mL-1. The loose bulk density of crystals without ultrasound treatment 
was found to be 0.52-0.59 g mL-1 whereas with ultrasound treated crystals it was in the range 
of 0.46-0.56 g mL-1. These values are at par with values obtained by Xun et al. (2017) but 
lower than the values obtained by Dhumal et al. (2008). Packed bulk density obtained for 
non-sonicated crystals were in the range of 0.66-0.73 g mL-1 while those for 2 minute 
ultrasound sample ranged from 0.61-0.71 g mL-1. Similarly, for 120 min ultrasound treated 
crystals, packed bulk density had a range of 0.57-0.66 g mL-1.  
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Effect of combined gassing and low power US. With the equal sonication time (2 min) there 
was an increase in true densities with N2 gas from 1.53 to 1.55 g mL
-1. Higher values of true 
density can be linked to the formation of uniform and dense crystal particles as seen with 
lower span (1.3) as presented in Table 1 for crystal size distribution. With combination of gas 
and US there was also reduction on bulk densities of lactose powder. The decrease in these 
densities was more evident for carbonated and sonicated lactose than the carbonated lactose.  
Densities, CI and HR of the lactose powders are used as indirect indices to assess inter-
particulate forces and these values provide only an estimate of powder flow as discrete 
particles (Dhumal et al., 2008). Various factors influence the densities of powders including 
the presence of aggregates, particle shape, size and distribution (Kaialy et al., 2011). The 
crystals with higher amount of fine will have a higher inter-particulate contact points and thus 
results in higher density. Low values of CI suggest that powders have good flow (Emery et 
al., 2009). There was no statistical difference in the HR and CI of the crystals obtained with 
different gas and ultrasound treatment, implying similar flow behaviour for all the 
crystallised lactose samples.  
4 Conclusions 
This study demonstrates the impact of addition of gases (CO2 and N2) in supersaturated 
lactose solution on crystallisation behaviour of lactose crystals.  In general, addition of high 
amount of gases promoted crystal nucleation reflected by noticeable decrease in crystal size 
and increase in yield. Being a highly soluble gas, CO2 had a significant effect on crystal size 
parameters and yield of lactose. Influence of N2 gas addition on the crystallisation behaviour 
of lactose crystals was less pronounced due to its poorer solubility as compared to CO2. The 
discrepancy in crystallisation behaviour of lactose crystals upon addition of gases 
corresponding to the dissimilar solubilities indicates the important role of dissolved gas in 
determining the lactose crystallisation. Furthermore, when ultrasound (205 kHz) was 
introduced for 2 min to generate bubble via mechanical effects on the solubilised gas, the 
combination treatment facilitated nucleation, reducing crystal size and increasing yield. 
However, prolonged sonication duration up to 120 min was not useful in further reducing the 
crystal size parameters and increasing yield.  
Although previous works on lactose sonocrystallisation had focussed only using high power 
ultrasound which can cause cavitation, the present work opted for possibility of using low 
power ultrasound to enhance crystallisation mechanism without any cavitation effect. The 
change in crystallisation behaviour of lactose with gas addition and low power ultrasound can 
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also be generalised to different dairy systems; for example, enhanced freezing of water in 
frozen desserts, faster concentration of condensed milk, conversion to stable polymorph in 
milk fat, quick recovery of milk sugar from whey and better concentration of milk solids 
before spray drying. Thus, introducing gas can be a promising way to improve manufacturing 
process of various dairy products. Further studies need to investigate on better retention of 
gases in the system with varying pressures and temperatures. The size and retention of gas 
bubbles during crystallisation need to be evaluated to elucidate their impact on nucleation 
process.  The current crystallising system opens up the possibility for controlling 
crystallisation of other food materials such as lipids and water. Particularly, low power 
ultrasound can minimise the adverse effects of high power sonication on oxidative stability of 
lipids.    
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List of Figures 
Figure 1 Sketch of experimental setup used for lactose crystallisation study 
 
Figure 2 Illustrative temperature-time regime followed in the lactose crystallisation 
experiment   
 
Figure 3 Representative cooling profile of lactose solution during crystallisation process with 
CO2, N2 and ultrasound (US) and the combination of gas and ultrasound. 
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Figure 4 Influence of addition of gases (CO2 and N2) at 0, 10 and 30 mL min
-1 flowrate 
followed by with or without ultrasound (205 kHz) treatment for 0 min, 2 min and 120 min on 
yield of lactose crystals crystallised after 120 min at 15±1oC from supersaturated lactose 
solution  
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(All bars are average of two determinations and error bar represents standard deviation. The 
same superscripts on top of bar indicate no significant difference at 95% level of confidence)   
Figure 5 Visual observation at end of lactose crystallisation process at 15±1oC from 
supersaturated lactose solution after CO2 and N2 addition at 0, 10 and 30 mL min
-1 flowrate 
followed by ultrasound (205 kHz) treatment for 0 min, 2 min and 120 min 
 
Figure 6 Influence in crystal size distribution curves for crystallised and recovered lactose by 
addition of variable flowrate of CO2 with application of 0 min (a), 2 min (b) and 120 min (c) 
ultrasound and also by variable N2 flowrate applied with 0 min (d), 2 min (e) and 120 min (f) 
ultrasound 
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Figure 7 Main effect plot for mean particle size parameters, D[4,3], (a), d(0.5), (b), and 
d(0.9), (c) of crystallised and recovered lactose by addition of variable flowrate (0-30 mL 
min-1) of gases (CO2 and N2) with application of 0 min, 2 min and 120 min ultrasound  
 
  
AC
CE
PT
ED
 M
AN
US
CR
IPT
26 
 
List of Tables 
Table 1 Influence of spared gases (CO2 and N2) at flowrates of 0, 10 and 30 mL min
-1 
followed by with ultrasound (205 kHz) treatment for 0 min, 2 min and 120 min on crystal 
size of lactose crystals crystallised after 120 min at 15±1oC from supersaturated lactose 
solution 
 
Gas Flowrate US Particle size, µm Span  
Type mL min-1 min D [4, 3] d (0.5) d (0.9)  
No gas 0 0 191±4a 178±5a 365±7a 1.9±0.1abc 
CO2 
CO2 
N2 
N2 
10 
30 
10 
30 
0 
0 
0 
0 
160±10c 
113±5ef 
178±5b 
189±2ab 
153±3b 
92±8f 
169±4a 
170±1a 
291±29bc 
247±7de 
270±6cd 
357±7a 
1.7±0.1bcde 
2.0±0.2a 
1.0±0.1 g 
1.9±0.1abc 
No gas 
CO2 
CO2 
N2 
N2 
0 
10 
30 
10 
30 
2 
2 
2 
2 
2 
158±3c 
145±4d 
123±6e 
154±5cd 
160±6c 
147±6b 
130±5c 
112±2d 
137±5c 
154±5b 
311±5b 
279±5bcd 
231±19ef 
290±3bc 
265±21cd 
2.0±0.1ab 
1.9±0.1ab 
1.8±0.2abcd 
1.9±0.1abc 
1.3±0.2fg 
No gas 
CO2 
CO2 
N2 
N2 
0 
10 
30 
10 
30 
120 
120 
120 
120 
120 
121±2ef 
111±2f 
116±1ef 
121±3ef 
113±3ef 
114±3d 
102±2ef 
101±2ef 
112±3d 
104±1de 
213±4fg 
200±7fg 
226±2efg 
213±7 fg 
194±8g 
1.6±0.1defg 
1.7±0.1cdef 
2.0±0.1 ab 
1.5±0.1 efg 
1.4±0.1 fg 
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All values are average of two determinations ± standard deviation. The same superscripts 
within a column indicate no significant difference at 95% level of confidence. All sizes are 
expressed as round number to the nearest whole number.  
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Table 2 Influence of gases (CO2 and N2) and ultrasound (205 kHz) treatments on densities 
and flow behaviour indices of recovered lactose crystals after 120 min of crystallisation at 
15±1oC followed by vacuum drying at 70±3oC 
Gas Flowrate US True Density 
Loose Bulk 
Density 
Packed Bulk 
Density 
Hausner 
Ratio 
Carr’s 
Index 
Type mL min-1 min g mL-1 g mL-1 g mL-1   
No gas 0 0  1.53±0.00
cd
 0.54±0.07
abc
 0.71±0.01
ab
 1.31±0.17
ab
 22.9±10
ab
 
CO2  10 0  1.53±0.00
cd
 0.59±0.04
a
 0.73±0.02
a
 1.23±0.05
a
 18.9±3
ab
 
CO2  30 0  1.55±0.02
a
 0.52±0.09
bcd
 0.66±0.12
bc
 1.28±0.01
bc
 21.6±0.8
ab
 
N2  10 0  1.52±0.00
e
 0.57±0.07
ab
 0.7±0.04
abc
 1.22±0.08
c
 17.9±5
b
 
 N2  30 0  1.54±0.00
abc
 0.52±0.05
abc
 0.67±0.05
ab
 1.29±0.03
abc
 22.7±2
ab
 
No gas 0 2  1.53±0.00
de
 0.52±0.05
bcd
 0.67±0.02
bc
 1.28±0.08
bc
 21.6±5
ab
 
 CO2   10 2  1.53±0.00
de
 0.53±0.02
bcd
 0.65±0.05
cd
 1.23±0.04
cd
 18.3±2
a
 
CO2   30 2 1.53±0.00
de
 0.48±0.01
de
 0.61±0.03
def
 1.25±0.03
def
 20.2±2
ab
 
N2  10 2  1.55±0.01
a
 0.52±0.02
cd
 0.67±0.01
abc
 1.25±0.04
abc
 19.8±2
ab
 
N2  30 2  1.55±0.00
ab
 0.56±0.02
bcd
 0.71±0.01
cde
 1.28±0.02
abc
 21.8±1
ab
 
No gas 0 120  1.52±0.00
e
 0.52±0.01
bcd
 0.66±0.05
bcd
 1.27±0.06
bcd
 20.9±4
ab
 
CO2  10 120  1.53±0.00
de
 0.46±0.02
e
 0.57±0.02
f
 1.24±0.08
f
 18.9±5
ab
 
CO2  30 120  1.53±0.01
cd
 0.46±0.01
e
 0.59±0.02
ef
 1.28±0.02
ef
 21.9±1
ab
 
N2  10 
120  1.54±0.00
bcd
 0.52±0.05
cd
 0.64±0.01
cde
 1.24±0.13
abc
 19±8
ab
 
N2  30 
120  1.54±0.00
bcd
 0.51±0.05
cde
 0.66±0.08
bc
 1.31±0.03
a
 23.9±2
a
 
All values are average of two determinations ± standard deviation. The same superscripts 
within a column indicate no significant difference at 95% level of confidence.   
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